Introduction
Neuropathic pain and spasticity due to spinal cord injury (SCI) remain significant problems [28, 34] .
About 50-60% develop chronic neuropathic pain and 70% spasticity after SCI [4, 10, 34] . Neuropathic pain is pain due to a lesion or disease of the somatosensory nervous system, and neuropathic SCI pain is divided into "at-level" and "below-level" pain [5] . Spasticity is here defined as a "disordered sensory-motor control, resulting from an upper motor neuron lesion, presenting as intermittent or sustained involuntary activation of muscles", including hyperreflexia, increase in muscle tone, spasms, and clonus [28, 33] .
The usefulness of cannabinoids in the treatment of neuropathic pain is unclear and their use limited by side effects and concerns about long term risks [9, 22] . Therefore, efforts concentrate about the development of cannabinoids with a better therapeutic index [22, 23, 42] . Palmitoylethanolamide (PEA) is an endogenous fatty acid amide that is suggested to potentiate endocannabinoids and to have effect on neuropathic pain and spasticity [1, 15, 16, 19, 21, 25, 31, 35, 36] . PEA prolongs and potentiates the action of endocannabinoids through an inhibition of fatty acid amide hydrolase [40] . PEA has also been suggested to reduce inflammation and to have neuroprotective mechanisms [13, 17, 36, 39] . In several neuropathic pain models in rats, palmitoylallylamide (L-29), an analogue -of PEA, has effects suggestive of analgesia [30, 40] .
Micronization and ultramicronization have been used to reduce the large particle PEA to micron-and submicron-sized crystals to enhance dissolution and reduce variability of absorption [18] . Case reports and open-label studies suggest an effect of ultramicronized PEA (PEA-um) on neuropathic pain, including central pain [7, 12, 16, 32] . Recent systematic reviews in neuropathic pain and PEA [9, 16, 36] have only identified 2 randomized placebo-controlled trials, both showing efficacy of micronized PEA (PEA-m) in sciatic pain [6, 11] . PEA-um is registered as food for special purposes (FSMP) by the Italian Ministry of Health. PEA-um is not labeled for use in neuropathic pain.
Our randomized clinical trial examined the effect of PEA-um as add-on therapy on neuropathic pain following SCI and furthermore evaluated its effect on spasticity and psychological functions. 4 
Methods

Design
This was an investigator-initiated, randomized, double-blind, placebo-controlled, parallel multicenter study investigating sublingual PEA-um microgranules 600 mg in patients with neuropathic pain after SCI.
Study population
Inclusion criteria were: 18 years or older and having sustained a traumatic or non-traumatic SCI including cauda equine lesions. The SCI should be at least 6 months old and patients should have atand/or below-level SCI neuropathic pain [5] that had lasted for at least 3 months with an average pain intensity of at least 4 and not above 9 on a 0-10 point numeric rating scale (NRS) , where 0 is "no pain" and 10 is "the worst pain you could imagine", during a 7-day baseline period [8] . Patients should have definite neuropathic pain, which requires a pain distribution compatible with the SCI, ie. at-or below-injury level, sensory signs in the same neuroanatomically plausible distribution, and a diagnostic test, typical a MRI, confirming the SCI [38] , and the pain should have no primary relation to movement. Musculoskeletal or other nociceptive pain that could explain the pain should be excluded or considered unlikely. Exclusion criteria included known concomitant severe cerebral damage, terminal illness, planned surgery, alcohol or substance abuse, hypersensitivity to PEA-um or excipients, psychiatric disease except reactive depression, pregnancy, and lactation, and if they could not differentiate their neuropathic SCI pain from other types of pain. All women of childbearing age had to use sufficient contraceptives (birth control pills, intrauterine device or sterilization). Patients were allowed to continue concomitant treatment with spasmolytics and drugs for pain in a constant and unchanged dose during the study. If possible, patients were tapered off their pain medication, however none of the patients accepted to be reduced in dose or tapered off. The study was approved by the Ethical Committee of the Central Denmark Region (no. 1-10-72-77-13) and the Danish Data Protection Agency, Copenhagen, Denmark (no. 1-16-02-106-13). The study was conducted in accordance with the Declaration of Helsinki and was registered at ClinicalTrials.gov (NCT01851499). All patients gave informed written consent.
Medication
The study drug was a sublingual product based on ultramicronized PEA (Normast®). PEA-um 600 mg or identical placebo was given sublingually twice daily with approximately 12 hours between doses for a period of 12 weeks. Both patients and investigators were blinded, and assignment to treatment was randomized via a computer-generated randomization list with a homogeneous block size of 4 done by Epitech Group SpA, and patients were allocated consecutively.
Assessment of compliance: At the end of the treatment period, the patients returned the remaining sachets, and the amount relative to the daily recordings in the diary of consumption of Normast was recorded in a case report form.
Procedure
The patients were recruited from May 2013 to December 2014. Patients came for 3 visits. After the first visit, the patients underwent a baseline week, after which they were randomized to Normast or placebo for 12 weeks. Throughout the study (13 weeks), the patients completed a pain diary every evening and recorded their average pain, spasticity, and sleep disturbance experienced in the preceding 24 hours and their use of rescue medication. At visit 1, the patients' history, including pain and spasticity symptoms, was collected, and general and neurological examinations were made. SCI was classified according to the International Standards for Neurological Classification of SCI [20, 24] , and patients completed the International Spinal Cord Injury Pain Basic Data Set [41] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Neuropathic SCI pain was assessed with the NRS (0-10). The predefined primary outcome was the difference in the mean value of the patient's daily ratings of average pain intensity in the baseline week and the last week of the treatment period.
Primary outcome
Secondary outcomes
Average neuropathic pain intensity scores in the treatment weeks (weeks 2-12) and the daily ratings of spasticity and sleep disturbance in the last week of the treatment period were secondary outcome measures. Other secondary outcomes were the intensity of muscle stiffness and spasms rated on a 0-10 NRS, use of rescue medication, neuropathic pain descriptors, impact of the neuropathic pain, healthrelated quality of life using the Pain Survey (S-TOPS) [14] , evoked pain, spasticity assessed using the Modified Tardieu Scale (MTS) [37] , the Patient Global Impression of Change (PGIC), pain relief, the number needed to treat (NNT), the Insomnia Severity Index (ISI) [26] , the Major Depression Inventory (MDI) [2, 3, 27] , and the Generalized Anxiety Disorder Assessment (GAD-10). For further details on the methods, please see supplementary material.
Other outcomes
Adverse effects
were assessed by open-ended questions, and blindness of both the investigator and the participants was assessed by asking which treatment they believed they had received (active or placebo) and asking them about their reason for this belief.
Statistical analysis
Our sample size calculation predetermined that 66 patients should complete the study to be able to find a difference in pain score of at least 1.5 point on an NRS (0-10) with an estimated standard deviation (SD) of 2.0 (85% strength,  = 0.05). The primary efficacy variable (change in average weekly pain score from baseline to last week) and secondary efficacy variables were analyzed by t-test or Mann-Whitney test ,   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 where applicable. An analysis using ANCOVA with baseline pain intensity, number of rescue tablets, gender, age, and treatment as covariates was also performed.
The main analysis was on the intention-to-treat (ITT) population, including all patients taking the first dose. Five patients were randomized despite an average pain intensity of < 4 or > 9 and were not included in the primary modified ITT analysis. Patients were asked to complete the pain diaries despite their withdrawal from trial medication. In the absence of data from pain diaries and secondary outcomes, "the baseline observation carried forward" (BOCF) method was used. In addition, the "per protocol" (PP) population was analyzed, which was defined as the number of individuals who had been treated with at least 600 mg of ultramicronized PEA twice a day for 8 weeks and who had consumed 70-110% of the expected dose. Statistical analysis was performed with STATA release 12 (StataCorp, College Station, TX, USA).
Results
Patients
Patients were recruited from May 2013 to December 2014 and last follow-up visit was in April 2015. A total of 119 patients were assessed for eligibility and 73 were randomized for treatment, see consort flow diagram (Fig. 1) . Of the 73 patients randomized, 5 patients had major protocol violation (did not meet the criteria of baseline pain intensity of 4 ≤ NRS ≤ 9) and were thus not included in the primary modified ITT analysis; however, they were included in the safety analysis and in a secondary ITT analysis.
Demographics and patient baseline characteristics included in the safety and secondary ITT analyses are displayed in Table 1 . Of the 73 patients, 36 were randomized to PEA-um and 37 to placebo. Average age was 56.3 years (SD: 11.6), average time since injury was 10.3 (SD: 11.7), and average pain intensity during baseline was 6.4 (SD: 1.4) (NRS 0-10). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
Primary outcome
There was no statistically significant difference between PEA-um and placebo on the primary outcome in the ITT (n = 68) population ( mean: 0.3, 95% CI: -0.4 to 0.9, P = 0.46) (Table 2, Fig. 2 ). There was also no difference when using ANCOVA with the covariates (gender, age, baseline mean pain intensity, use of rescue medication, and treatments) (modified ITT without protocol violations: n = 68, P = 0.82). T-test (Table 2 ) and ANCOVA analyses also showed no difference between groups when analyses were done for the secondary ITT (including the 5 patients with major protocol violations) (n = 73) and the PP (n = 58) populations.
Secondary outcomes
The patient group treated with PEA-um had a larger consumption of rescue medication at baseline and had a significantly larger reduction in the use of rescue medication than those treated with placebo; in the latter group baseline use was lower and increased during the observation period ( mean: -2.2, 95% CI: -4.0 to -0.3, P = 0.02). Patients treated with PEA-um had an increase in self-reported intensity of spasticity from the pain diary recordings compared to a decrease in patients treated with placebo ( mean: 1.0, 95% CI: 0.2 to 1.9, P = 0.013), but there was no difference in other self-reported or laboratory spasticity outcomes (Supplementary Table 1 ). For all other secondary outcomes there were no statistically significant differences between treatments (Supplementary material).
Assessment of blindness
Of those allocated to PEA-um, 16% of patients identified the correct treatment and stated that it was due to pain relief, whereas 84% thought they had received placebo due to lack of effect. Of those who received placebo, 81% identified the correct treatment due to lack of pain relief, whereas 19% thought they had received active treatment due to effect of the treatment. No patient stated that the reason for their 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 choice was adverse effects. We saw no significant difference between the treatment groups (P = 0.78), suggesting that blinding was preserved.
Compliance
For patients in the primary modified ITT analysis who were not lost to follow up (n=63), the mean daily dose throughout the treatment period was 1135.4 mg (SD: 122.2) for PEA-um and 1165.1 mg (SD: 76.7) for placebo, and mean treatment length was 11.6 weeks (SD: 1.4) for PEA-um and 11.3 weeks (SD: 2.1) for placebo. 26 of 31 patients treated with PEA-um and 27 of 32 patients treated with placebo completed 12 weeks of treatment. Mean compliance was 94.6 % (SD: 10.2) for PEA-um and 97.1 % (SD: 6.4) for placebo.
Adverse events
Seven patients reported adverse events, of which 5 were serious adverse events. One patient treated with PEA-um committed suicide, which, after careful investigation, was not considered to be related to the study drug. No other patients dropped out of the study because of adverse events. Other serious adverse events were urinary tract infection, paralytic ileus, cholecystolithiasis, and erysipelas causing hospitalization in 3 patients treated with PEA-um and 1 treated with placebo. In addition, 1 patient treated with PEA-um had fungus infection, and 1 treated with placebo experienced blurred vision.
Discussion
In this randomized , double-blind, placebo-controlled study, 1200 mg ultramicronized PEA (600mg BID) as add-on therapy failed to show an effect on SCI neuropathic pain. In addition, PEA-um add-on had no effect on spasticity and other secondary outcomes. However, the patient group treated with PEA-um addon had a significantly larger reduction in the use of rescue medication (paracetamol) than those treated with placebo. A lower consumption of concomitant medication during treatment with PEA-m has been shown in a study of individuals with lumbar radicular pain [6] . Including the use of rescue medication in the   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 ANCOVA, we still found no effect of PEA-um as add-on therapy on the primary outcome; consistent with the fact that there is no evidence that paracetamol has any effect on neuropathic pain. We did not correct for multiple comparisons for the secondary outcomes, and this may likely be a chance finding, although we cannot exclude that PEA-um had an effect on other types of pain for which the patients took paracetamol.
Placebo was more effective than PEA as add-on therapy on spasticity according to the pain diary, but this was not supported by other spasticity outcomes.
This study is the first randomized, double-blind, placebo-controlled trial examining PEA-um as add-on therapy in central pain. The 12-week treatment period and the dosage of 600 mg twice daily were equal to or higher in our study compared with earlier studies [6, 11, 12, 16] , so the lack of effect is not likely to be explained by a suboptimal dose, although we cannot exclude that a higher dose is needed to relieve central SCI pain. It is also not likely to be explained by a floor-effect, because the average pain intensity was 6.4 on a 0-10 NRS. There are limited pharmacokinetic data on PEA-um, and limited penetration to the cerebrospinal fluid could be an explanation for the lack of efficacy. Our study included patients with different causes and levels of SCI, which could impact the outcome, and patients with concomitant medication which could have an impact on the effect of PEA-um, and it is likely that we included some patients that are refractory to pain treatment, which could also contribute to the lack of effect, also considering that more patients randomized to PEA were treated with concomitant medication. Finally it is possible, that the effect seen in experimental studies is driven mainly by reduced inflammation and neuroprotective mechanisms [13, 29] and that treating spinal cord-injured individuals with PEA-um in early stages and before neuropathic pain and spasticity develop, may be beneficial.
Our study supports that ultramicronized PEA has good safety and tolerability profiles. Only 1 patient stopped treatment due to an adverse event, which was considered unrelated to the study drug.
In conclusion, this study showed no effect of PEA-um as add-on therapy on neuropathic pain following SCI and any of the secondary outcomes, including spasticity, with exception of rescue drugs use which was decreased in the PEA-um treated group. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65
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